To evaluate whether a high body mass index (BMI) predisposes marathon/half-marathon participants to lower extremity injuries. Methods: Consenting adult participants at the 2008 National Marathon to Fight Breast Cancer were enrolled in this observational study. The primary outcome measure was prevalence of self-reported lower extremity injury, during both training and race participation, with respect to BMI. Results: There were 194 subjects with complete data: 139 females (72%) and 55 males. Forty-six percent of females and 51% of males ran the full marathon (P = .63). Median BMI was 23.7 kg/m 2 for females and 26.2 kg/m 2 for males (P = .001). Eleven (24%) females in BMI tertile 1 (T1) suffered a training injury, while 9 (18%) from T2 and 4 (9%) from T3 suffered injuries (P = .072; OR 0.89; 95% CI 0.78 to 1.01). Twenty-six (19%) females suffered an injury during the race. Females in T1 were more likely to suffer a race-related injury (P = .038; OR 0.87; 95% CI 0.77 to 0.99). Females were 13% less likely to suffer a race-related injury with each 1-unit increase in BMI. Rates of injury did not differ by BMI tertile in males. Conclusions: A high BMI did not impart an increased risk of lower extremity injury during training or race participation.
The demographics of endurance running have changed dramatically in the past several decades. In 1976, the estimated number of marathon finishers in the United States was 25,000 and by 2006 that number had grown to greater than 400,000. Females have played a significant part in this growth. In 1980 an estimated 10.5% of marathon finishers were females and by 2008 females comprised approximately 41% of the field. As participation in endurance running has increased, the caliber of the average athlete has decreased. In 1980 the median finishing time for males was 3:32:17, in 1995 it was 3:54:00, and by 2002 it was 4:20:04 or a nearly 10 minute/mile pace. 1 Many races have now introduced weight divisions including the "Clydesdale" division for larger runners. 2 While an active lifestyle has been shown to decrease the development of cardiovascular risk factors and to lower mortality rates, [3] [4] [5] [6] reports have surfaced regarding a high incidence of lower extremity injuries associated with distance running. [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] As participation in long distance running increases, determining the risks for injury could have a significant public health impact. Injuries can sideline runners, inhibiting their pursuit of a healthy lifestyle, and can have negative financial consequences from costs of medical care to lost productivity in the workplace. 17 The reported literature on lower extremity injuries in running is limited by varying study populations and results. In addition, many of the studies were completed at a time with different runner demographics. Taunton et al reviewed 2002 runners of all distances who presented to a sports medicine clinic between 1998 and 2000 and reported that women with a BMI < 21 kg/m 2 were at a higher risk of tibial stress injuries. 18 In 2003, Taunton et al found that in 884 males training for a 10 km race, a BMI ≥ 26 kg/m 2 was protective against injury of any kind. 12 In contrast, in 2002 Hootman et al published data from the mid-1980s on approximately 2400 males and 600 females engaged in running, walking, or jogging. 19 This study found that, in females, a 1-unit increase in BMI increased the risk of lower extremity injury by 8%. No association was found between BMI and lower extremity injury in men. In 1988, Marti et al demonstrated that participants in a 16 km road race with a BMI < 19.5 kg/m 2 or > 27 kg/m 2 had an increased risk of injury. 20 Macera et al and Walter et al were unable to show an association between BMI and lower extremity injury in 2 large studies of runners of varying distances. 11, 21 The purpose of this analysis is to determine if overweight participants are at an increased risk of lower extremity injury from training for and racing in a marathon/half-marathon. More specifically, this is an observational study examining whether participants with a high BMI have a greater incidence of lower extremity injury from marathon/half-marathon training and racing.
Methods and Procedures

Subjects
All adults who participated in the February 2008, Mayo Clinic affiliated, National Marathon to Fight Breast Cancer Marathon/Half-Marathon were eligible for enrollment in the study. Participants were informed about the study either by electronic mail if they had preregistered or by information provided at a "Runners' Science" booth at the race expo. A convenience sample of 250 participants were consented and enrolled by the research team at the race expo during the 2 days immediately before the race. All consenting subjects were included in the study.
Outcome Measures
Survey data were recorded in a prerace survey completed at the time of enrollment and in a postrace survey available immediately upon race completion. The postrace survey was redistributed by mail 2 weeks after the race to detect race-related injuries that became apparent in a delayed fashion. The primary outcome of interest was the self-reported occurrence of lower extremity injuries both during the last 30 days of prerace training and during the race. In the prerace survey participants were asked "In the last 30 days have you had an injury that affected your training? If yes, type of injury: blank(s)." In the postrace survey (immediate and at 2 weeks) participants were asked, "Did you experience any injuries during the race? Type of injury: blank(s)." Lower extremity injuries were defined as self-reported musculoskeletal injuries to the hip or below. Blisters and muscle cramps were not considered injuries. Toe and toenail injuries were included in the analysis. A single physician member of the research staff reviewed all self-reported injuries and categorized them as: foot/ankle, lower leg (calf/shin), knee, hip/upper leg, and other/nonspecific (when lower extremity injury was clear, but the specific location was not). Iliotibial band syndrome was categorized as "hip/upper leg."
The risk factor of interest was BMI. Height was self reported on the prerace survey and weights were measured by the research staff during the 3 hours before the race using 7 self-calibrating electronic scales located at the "Runners' Science Tent." The tent was located near the start/finish line and demarcated by a large sign. BMI was stratified by tertile. Furthermore, BMI was analyzed separately for each gender given that it is not a parallel measure between the sexes with females having a higher percent body fat at a given BMI. 22 Demographic data and medical comorbidities were self reported on the prerace survey. Potential confounding variables were classified into training and racing categories. Potential confounding variables in training were obtained from the prerace survey and included 1) peak weekly training mileage (survey question: Peak race training mileage in the 3 months before the race-blank miles/week) and 2) followed a training program (survey question: Did you follow a specific training program?).
Potential confounding variables during the race were obtained from the race results and included 1) whether the participant completed the full or half-marathon and 2) the subject's finishing time.
Study subjects were identified with a sticker on their bib so that those requiring treatment in the medical tent could be easily identified and the research team could locate them to administer the postrace survey.
Data Collection and Analysis
All survey responses were hand written by the study subjects. The prerace survey was administered by the research staff at the race expo. During enrollment, subjects were instructed to meet at the "Runners' Science Tent" in the 3 hours immediately before the race where their weights were obtained and recorded by the research staff. At the expo and during the "weigh-in" subjects were instructed to return to the "Runner's Science Tent" immediately after the race where the research staff administered the postrace survey.
Data were manually transferred to the electronic SAS/DMS platform for analysis. Continuous variables (age, BMI, peak mileage, and race time) were reported as median and range, while categorical variables were reported as frequency and percentage. The Wilcoxon rank-sum test was used to compare the continuous variables between the BMI categories. Fisher's exact test was used to compare gender, comorbidity prevalence, use of a training program, marathon distance (full vs. half), and injury incidence between BMI categories. Odds ratios for the association between lower extremity injury and its predictors were estimated using logistic regression. Results were considered statistically significant for P < .05. The analyses were performed using SAS Version 9.1 (SAS Institute Inc., Cary, NC) and S-Plus Version 7.0.6 (Insightful Corporation, Seattle, WA). This study was approved by the Mayo Clinic Institutional Review Board. The study protocol included all subjects without regard to race, ethnicity, or gender.
Results
The target enrollment of 250 subjects was achieved on the second day of the 2-day expo. Eleven subjects did not document their height, 41 did not present for prerace weighing, and 4 did not document their height and did not present for prerace weighing. As such, complete BMI data were available for 194 subjects. There were 139 female (72%) and 55 male subjects which was similar to the race field which included 3950 females (71%) and 1586 males. Both males and females had a median age of 46 years. Forty-six percent of females and 51% of males ran the full marathon (P = .63). Median BMI was 23.7 kg/m 2 for females and 26.2 kg/m 2 for males (P = .001) (Figure 1) . BMI tertiles by gender are shown in Table 1 .
Age did not differ between the BMI tertiles in either males or females (Tables 2 and 3 ). In females, the comorbidities of asthma, hypercholesterolemia and hypertension were more common in the higher BMI tertiles while in males there were no differences in comorbidities by BMI tertile. Sixteen percent of subjects (31/194) reported a prerace injury and 16% (31/194) reported a race-related injury. Twenty-four (17%) female subjects suffered a prerace injury. Specifically, 11 (24%) females in BMI tertile 1 (T1) suffered an injury, while 9 (18%) from T2 and 4 (9%) from T3 suffered injuries (P = .072; OR 0.89; 95% CI 0.78-1.01) ( Table 4) . Twenty-six (19%) females suffered an injury during the race. Females in T1 were more likely to suffer a race-related injury. (P = .038; OR 0.87; 95% CI 0.77-0.99) ( Table 4) . With every 1-unit increase in BMI a female was 13% less likely to suffer a race-related injury. Importantly, lower BMI females had longer peak weekly training miles (P = .007) and ran faster in both the full and half-marathons (P < .001 for both distances). The percent of females who ran the full marathon did not differ between BMI tertiles (Table 2) .
Seven (13%) male subjects suffered a prerace injury. Rates of prerace injury did not differ by BMI tertile (P = .25; OR 1.17; 95% CI 0.90-1.52) ( Table 5 ). Five (9%) males suffered an injury during the race and rates of racerelated injury did not differ by BMI tertile (P = .34; OR 0.84; 95% CI 0.58-1.21) ( Table 5 ). Peak weekly training mileage and the percent of males who ran the full marathon did not differ between BMI tertiles. Importantly, lower BMI males ran faster in both the full (P = .014) and half-marathons (P = .004) ( Table 3) . Note. * Information was unavailable for age (n = 1), training program (n = 2), peak training mileage (n = 15), race time (n = 5 half; n = 10 full). Categorical variables are reported with n (%) and P-values result from examining the association with BMI as a continuous variable using logistic regression models. Continuous variables are reported with the median (min-max) and P-values result from examining the association with BMI as a continuous variable using linear regression models. Note. * Information was unavailable for age (n = 1), training program (n = 2), peak training mileage (n = 2), race time (n = 1 half; n = 1 full). Categorical variables are reported with n (%) and P-values result from examining the association with BMI as a continuous variable using logistic regression models. Continuous variables are reported with the median (min-max) and P-values result from examining the association with BMI as a continuous variable using linear regression models. Note. Variables are reported with n (%) and P-values result from examining the association with BMI as a continuous variable using logistic regression models. Category other/nonspecific used when lower extremity injury was clear, but the specific location of injury was not. Foot/ankle 3 (5%) 1 (5%) 1 (6%) 1 (6%) Lower leg (calf, shin) 0 (0%) 0 (0%) 0 (0%) 0 (0%) Knee 1 (2%) 1 (5%) 0 (0%) 0 (0%) Hip/upper leg 1 (2%) 1 (5%) 0 (0%) 0 (0%) Other/nonspecific 0 (0%) 0 (0%) 0 (0%) 0 (0%)
Note. Variables are reported with n (%) and P-values result from examining the association with BMI as a continuous variable using logistic regression models. Category other/nonspecific used when lower extremity injury was clear, but the specific location of injury was not.ç
Discussion
An active lifestyle has been shown to reduce the occurrence of cardiovascular risk factors and to lower mortality rates. [3] [4] [5] [6] These health benefits and the importance of exercise in our daily routines are among the reasons for a remarkable increase in marathon/half-marathon participation by the general population. 1, 23 Marathon running was previously a sport dominated by elite male athletes, but now athletes of all ages, genders, and sizes participate. 1 Along with the increasing involvement of the general population in marathons, reports have surfaced regarding the incidence of lower extremity injuries associated with distance running. Van Middlekoop et al recently evaluated the incidence of lower extremity injuries in male marathon runners participating in the 2005 Rotterdam Marathon. 7 The authors discovered a 1 year prevalence of running injuries of 55%. Sixteen percent of participants reported a new lower extremity injury in the month preceding the race and 18% suffered an injury during the race. In our study 13% of male subjects reported an injury in the month preceding the race and 9% reported a race-related injury. In another review, Van Gent et al reported on the prevalence of lower extremity injuries in long distance runners. 8 In this study, runners were considered "long distance" if they ran greater than 5 km either in training or in the studied race. Follow-up in the 17 studies included for analysis ranged from 1 day to 18 months. The incidence of injury varied from 19.4% to 79.3%. 8 Given the aforementioned benefits of physical activity and popularity of marathon running, determining injury risks is an important means to enable runners to continue their pursuit of a healthy lifestyle. We attempted to determine whether a high BMI places marathon/ half-marathon participants at an increased risk of lower extremity injury. As discussed previously, results from the existing literature have been conflicting. One study has implicated a high BMI as a risk factor for injury, 19 but others have implicated a low BMI 12, 18 and the extremes of BMI. 20 Our study is unique in that it evaluates the association between BMI and the incidence of lower extremity injury in a modern marathon/half-marathon event. The average age of our subjects was 46 years and 72% were female. The large number of female subjects was presumably secondary to the breast cancer focus of the event.
The median BMI of our participants was 23.7 kg/m 2 for females and 26.2 kg/m 2 for males, and the median times to complete the marathon were 5:37 for females and 5:11 for males. These BMI medians and finish times reflect the participation of the general population in our study. Many prior studies evaluating the association between BMI and lower extremity injuries do not reflect the current demographic of marathon runners and others evaluate athletes who are not specifically training for and racing in a marathon/half-marathon. 11, 12, [18] [19] [20] [21] Given the known association between high BMI and osteoarthritis as well as the increased load placed on the lower extremities of runners with a high BMI, it would reasonably follow that runners with a high BMI may be more likely to suffer a lower extremity injury. 24 We did not find such an association between a higher BMI and lower extremity injury. Specifically, there was no association between BMI tertile and either prerace (P = .25) or race-related (P = .34) injury in males (Table  5) . Low BMI females, however, were more likely to suffer a race-related injury. (P = .038; OR 0.87; 95% CI 0.77-0.99) ( Table 4 ). In fact, higher BMI appeared to be protective in our study: with every 1-unit increase in BMI, a female was 13% less likely to suffer a race-related injury. Females with a lower BMI also showed a trend toward more training injuries in the month preceding the race (P = .072; OR 0.89; 95% CI 0.78-1.01) ( Table 4) .
One prior study in the literature similarly demonstrated that females with a low BMI are at an increased risk of injury. Taunton et al reviewed runners of all distances who presented to their sports medicine clinic and found that women with a BMI < 21 kg/m 2 were at higher risk of developing tibial stress injuries. 18 A BMI < 21 kg/m 2 is similar to our lowest female tertile, but our sample size was insufficient to analyze the impact of BMI on specific injuries. Taunton et al postulate that runners with a low BMI might have insufficient lean body mass to deal with the stresses of running and suggest that females with a low BMI have a tendency toward lower estrogen levels and subsequent decreased elasticity of collagen. 12, 18 Our findings differ from Hootman et al who found that a higher BMI was associated with an increased risk of injury in females. 19 The data for this study were collected during the mid-1980s from runners, walkers, and joggers of unspecified distances, and 89% of the females had a BMI < 25 kg/m 2 . In light of these limitations, it is difficult to extrapolate Hootman et al's findings to current high BMI marathoners. 19 In 1988 Marti et al reported that it is the runners at the extremes of BMI who are at increased risk of injury. 20 In runners training for a 16 km road race, those with a BMI < 19.5 kg/m 2 or > 27 kg/m 2 had an increased risk of injury. 20 Our study was limited by a small number of participants with the low extreme of BMI rendering us unable to perform a parallel analysis. Tertile 1 included up to a BMI of 21.8 kg/m 2 in females and 24.9 kg/m 2 in males. Our analysis did, however, have a large number of subjects with a high BMI (Figure 1 and Table 1) , and those subjects did not have an increased risk of injury. Importantly, Marti et al urge that their findings be taken with caution given their small numbers of subjects at the extremes of BMI.
Previous studies have demonstrated that runners who log more training miles and those running at a higher intensity are at an increased risk of injury. 20, [25] [26] [27] [28] [29] [30] [31] In our study females with a lower BMI were faster at both race distances (P < .001 in both) and had higher weekly training mileage (P = .007) possibly placing them at an increased risk for developing injury. Conversely, higher BMI participants were slower, potentially minimizing the impact force of each stride on their lower extremities. 25 These differences could confound our finding that a lower BMI itself places females at an increased risk of injury.
Limitations
Our study is subject to the inherent limitations associated with using BMI as an anthropometric measure. BMI is a widely accepted screening tool because it is cheap, easy to use, noninvasive and associated with little to no harm. 32 It is, however, limited as a weight-for-height measure which does not discern between lean body mass and fat mass. 32 The injury risks may be different, for example, for the high BMI athlete with excessive fat mass versus the lean, muscular athlete with a similar BMI.
Our study is not without methodological limitations. Our race is a breast cancer "cause" race which limits its generalizability. As a breast cancer event it was likely to attract more female participants: 71% of race participants and 72% of our study subjects were female. As a race for a "cause," it was also more likely to attract participants who do not routinely run. This is perhaps reflected in our average male finishing time of 5:11 compared with the 4:20 national average. These novice runners may be more prone to injury because of a lack of prior fitness and knowledge of proper training and racing techniques. Given that we enrolled a convenience sample of runners, selection bias is another limitation. As was previously stated, however, the percentage of female study subjects was similar to the percentage of females in the race. In addition, our data are in large part self-reported which impacts accuracy and introduces recall/reporting bias. Finally, our sample is a small percentage of the total number of participants in the event and it is possible that injured runners who could not race did not present to the expo and so were not eligible for enrollment. . ConclusionsMany people with a high BMI participated in our open-entry marathon. While training for and participating in our marathon/half-marathon was associated with a risk of lower extremity injury, a high BMI was not an independent risk factor. As such, based on our findings, interested high BMI runners should not be discouraged from participating in endurance running based on their BMI alone. In females, a higher BMI may even be protective. These findings should be confirmed in a larger study allowing for more detailed control of confounders.
